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PURPOSE

The primary aims of this investigation are to obtain an improved
fundamental understanding of (1) the phenomena governing the production of
low work function surfaces, and (2) the factors affecting the quality and sta-
bility of electron emission characteristics. It is expected that the informa-
tion generated from this investigation will be relevant to various kinds of
electron emission (i-e., photo, thermionic and field emission), although
the primary emphasis will be placed upon field emission. Accordingly,
field emission techniques will be employed, at least initially, to obtain the
objectives of this work.

The formation of low work function surfaces will be accomplished
by; (1) adsorption of appropriate electro-positive adsorbates, (2) co-adsorp-
tion of appropriate electro-positive and electro-negative adsorbates, and
(3) fabrication of emitters of low work function surfaces from various
metalloid compounds. Vaxnious properties of these surfaces to be investi-
gated in order to obtain a more fundamental understanding of them are the
temperature dependency of the emission and work function, the various
types of energy exchanges accompanying emission, the energy distribution
of the field emitted electron, and various aspects of the surface kinetics
of adsorbed layers such as binding energy, surface mobility and effect of
external fields. “




ABSTRACT / 1 g\gé

An investigation of the total energy distribution of field emitted elec-
trons has been performed in the temperature range 77 - 900°K for five
different crystallographic directions of a tungsten field emitter. The re-
sults obtained generally confirmed the contemporary field emission theory
throughout the range of temperatures investigated. A theoretical discussion
of the total energy distribution of field emitted electrons reveals that band
structure effects, due to discrepancies from the free electron model
generally assumed by contemporary field emission theory, are observed
only in crystallographic directions exhibiting a Fermi surface of high radius
of curvature. A review of existing solid state measurements of the band
structure of tungsten indicates the possibility of significant anisotropies
in the Fermi surface along the (100) direction. These expectations are
reinforced by the anomalous shoulder on the total energy distributions about
.35 ev below the Fermi level along the (100) directions.

Fowler-Nordheim plots as a function of temperature on several major
planes of a tungsten emitter were analyzed to give the temperature depend-
ence of the local work function. Over the temperature range 77 - 700°K
both positive and negative temperature coefficients of the work function
were observed depending on the particular crystallographic plane. For
example, temperature coefficients on the (310), (112) and (100) planes
were -3.2, -14.3 and -10.9 x 10~2 ev/deg respectively, whereas values
of 5.0 and 3.5 x 102 ev/deg were observed on the (116) and (111) planes.
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PROGRESS TO DATE

Progress is being made in four general areas of investigation of low
work function surfaces obtained by electro-positive metallic adsorption on
tungsten and co-adsorption. They are: (1) emission heating; (2) energy dis-
tribution; (3) surface kinetics; (4) work function change on single crystallo-
graphic planes. The investigation of the preceding phenomena each involves
different tube embodiments which have been construction and are currently
being used to obtain results. Prior to the commencement of this investiga-
tion preliminary results were obtained on various aspects of work function
change due to cesium adsorption and cesium-oxygen co-adsorption on
tungsten. Some of these results, which have been reported elsewhere”,
have been analyzed in a previous reportz.

Measurements of the energy exchange accompanying field emission
on clean and zirconium-coated tungsten emitters have been completed and
show striking deviations from theory. Although the general features of the
existing theory of '"Nottingham'' emission heating and cooling were confirmed,
certain discrepancies were noted between experiment and theory in regard
to the amount of energy exchanged per electron and the value of the tempera-
ture boundary which separates emission heating and cooling. The discrepan-
cies between the inversion temperatures determined by measurements of
the total energy distribution and the Nottingham effect may be due to a pre-
ponderance of conduction by holes below the Fermi level at elevated tempera-
tures. It is further suggested that the free-electron model of tungsten is
not adequate for describing the Nottingham effect and band structure effects
must be taken into consideration,

In order to shed further light on the bulk electronic properties of
tungsten, a detailed investigation of the total energy distribution of field
emitted electrons has been completed and described in the current report.

It will be shown that, due to the insensitivity of field emitted electrons to the
specific band structure of a metal, the free-electron theory is reasonably
applicable to describing field emission phenomena and total energy distribu-
tion in spite of the fact that the bulk electronic properties of tungsten may
show marked deviation from free electron theory.

TOTAL ENERGY DISTRIBUTION MEASUREMENTS

The average energy of the emitted electrons and the inversion tempera-
ture obtained from investigations of the Nottingham effect can be checked by
comparison with the corresponding experimentally determined total energy
distributions. A preliminary investigation of the total energy distribution
of field emitted electrons from clean tungsten over the temperature range
77 - 1059°K has been reported earlier?. These results, which showed
reasonable agreement with contemporary field emission theory, have been




extended to the following crystallographic directions: {100{, {130}, j116,
g Yy grap

[112], and [111].

EXPERIMENTAL TECHNIQUES AND PROCEDURES

The description of the energy analyzer tube and its mode of operation
were described in an earlier reportz. Briefly, the tube was designed in
such a way that electrons passing through a lens system were focused near
the center of a hemispherical collector. The electrode system of the ana-
lyzer consisted of an anode, a lens electrode and a Faraday cage surround-
ing the hemispherical collector. The Faraday cage electrode was operated
near ground potential and acted as a shielding electrode for the hemispheri-
cal collector (also operating near ground potential) and accordingly reduced
the effect of undersirable reflection inherent in.most retarding potential
analyzers.

In practice, the anode potential V, is constant and the focal length
adjusted by varying the potential of the lens electrode VL' The total energy
distribution curves were taken for fixed values of V_ and V _ by varying the
cathode potential between -4.0 and -5.5 v, depending upon t‘lé}le work function
of the collector. The ratio V§ /Vy is a critical quantity and for this particu-
lar lens system best results were obtained with VL/VA = 0.0035.

A small external electromagnet and internal concentrator were used
to deflect the beam in order to position the emission from the desired
crystallographic plane on the aperture of the anode electrode. With this
arrangement the tube could be used to measure both energy distributions
and work functions from different crystallographic planes. The 1-V data
for work function measurements were obtained with the tip at -8 volts and
a constant ratio of V. /V, in order that the electron trajectories through the
lens would be constant over the voltage range. During the I-V measurements
with magnetic deflection, compensation of the magnetic current must be per-
formed in order to maintain a constant position of the desired crystallographic
plane on the aperture over the voltage range. Analysis of the I-V data in
the form of a Fowler-Nordheim plot for two different crystallographic planes
of tungsten as a function of temperature are given in Figure 1. Work func-
tions and energy distribution and measurements were taken along a particu-
lar zone line at positions where the current went through a maximum or a
minimum as a function of the deflection. This allowed precise positioning
of the desired plan on the aperture of the anode over the voltage range
covered by the Fowler-Nordheim plot. Further analysis of this data will be
given in a later section.

The resolution of this analyzer tube was estimated at 10 mv by Dr.
Van Oostrom?. Normally resolution is ascertained by comparison of
the experimental and theoretical curves. Unless rigorous analysis of all
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Figure 1. Fowler-Nordheim plots as a function of temperature for two
different planes of a tungsten emitter.




factors leading to the resolution limit can be made the latter must suffice
as an estimate of the resolution. In our case the emitter axis was along
the (100) axis which (as shown later) displayed an anomalous energy distri-
bution shape; therefore, estimate of the best resolution must be obtained
from planes off axis using magnetic deflection. Figure 2 shows the current
through the electromagnet required to cause deflection along the 110 zone
line. Magnetic shielding around the tube reduced the earth's magnetic field
to 0, however, the magnetic field in the region of the collector was approxi-
mately 0.2 gauss at a beam deflection of 55° (required for (111) measure-
ments). Although no quantitative calculations of the effect of magnetic field
on the resolution have been performed, it is believed a field of 0.2 gauss can
significantly reduce resolution for this tube design. In the present case
resolution for planes off the emitter axis range between 30 - 40mv with
poorest resolution at the highest magnet current as expected. Resolution
is defined here as the width of the theoretical energy distribution curve at
the peak of the experimental curve normalized such that the acceptance
potentials and the low energy tails coincide Inasmuch as resolution is
not critical except at low temperatures where sharp peaks occur, the reso-
lution at maximum beam deflection was adequate to investigate the energy
distribution shapes at elevated temperatures,

THEORY
Total Energy Distribution

In an earlier report the expression for the total energy distribution
given was that first obtained by Young and MlU'ller? based on a free electron
model for the field emitter. Since retarding energy analyzers of the type
utilized in this investigation measure total energy distribution (rather than
normal energy distribution), it is proper to compare experimental results
with expressions for the total energy distribution. It can be readily shown
that the total energy of the emitted electrons E collected at . surface of
work function ¢C must exceed

E§¢c+Ef-Vt (1)

where E; is the Fermi energy and V_ is the bias potential of the emitter.

The collected current I is related to the total energy distribution P, (E)
as follows: ¢

1 = Pt: (E) dE (2)
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and
P (E) = - dlc
dVv,

3)

Thus, Pt(E) can be determined from the gradient of Ic - Vi plots.

Recently, more detailed derivations>+© of the energy distribution
of field emitted electrons have been given for an arbitrary band structure.
It will be instructive to review these derivations, since it is known that the
free electron model is not adequate for tungsten7'10

The transmission probability for specular transmission (i.e., tan-
gential wave vectors k,, and k, are conserved) of an electron with energy E_
normal to the barrier depends only on the value of the '"x-directed'' energy
in the barrier region. Transmission coefficient D (Eyz'E) can therefore
be written in terms of the transverse k-vector kyz’ where

2 2
Ey, = (hkyz)2 o h%(k%y + k%) (4)

2Zm 2m

which applies for arbitrary band structurestl,

The total energy distribution is given by

Py(E) = ef(E) f[n (kx) dky dk, (5)
20372

where f(E) is the electron distribution in k-space. Introducing polar
coordinates Kyz and Qp in the kY and k, plane and expressing the maximum
value of kyz for a particular polar angle ¢p as kyrrz’(E,Qp) leads to

2T kI;,nZ
_ ef(E)
2h372 R e
o} O

where the integral is over all regions of k , corresponding to positive
energy states. Thus, the integration of equation 6 is over the ''shadow!''.
of a constant energy surface projectedupon - Ime perpendicular kg

The effect of band structure on the distribution can be shown by writing
equation 6 in the form

E E 27 E-Eyy
Py (E) = KZ'—)-lj jD (E,) dE, - %}? D(Ey) 40pdE, (7)




where m 2

_ m _ (hk,,) _ 4mme
EX_E-EYZ , EYZ—_Zm.yz andK-—;,,—— (8)

1f EI;,nZ (E,¢p) is sufficiently large (which will be true for Fermi surfaces with
large radii of curvature in k-space), the second interval in equation 7 can
be neglected and Pt(E) is independent of band structure.

Inserting the first two terms of the WKB approximation

D(EX) = exp Eﬁ(EXZ] = exp Eb + c(Ey -€ lﬂ (9)

expanded about an arbitrary energye,l into equation 7 leads to

P, (E) = Kf(E)e f IC‘E e’dExdwp (10)
E

provided the quadratic term of the WKB approximation can be neglected
and where

b=6.83x 10" 03/2 viy) /F (11)

1 -
Cc = d']‘ = 10.25 x 107 1] /Zt(y)/F (ev l) (12)
with F and @ in v/cm and ev respectively,

The integration of equation 10 can be performed by noting that the contribu-
tion to the integration comes from values of € near E, so that letting
el = E and integrating yields:

Py (E) = Kf(E)eb E [ d¢:l (13)
C

the second term of equation 13, which manifests band structure effects,

is neglible when Ernz/d 7?1. Normally, u does not exceed a few tenths ev,
therefore only those metals exhibiting Fermi surfaces of small radius of
curvature (i.e., small positive Fermi energies) are likely to lead to band
structure effects perceptable in the total energy distribution results.

In the case of spherical energy surfaces where the effective mass




= Yan so that g T E, Stratton® rewrites Fischer's6 earlier derived
expressmn of P (E?’m the form

Py (E) = Kde © £(E) EEf)/d< 'TCE/‘9 (14)

where E{20 and the quadratic term of the WKB approximation can be neglec-
ted. Again, the term in brackets, which arises from band structure con-
siderations, is of importance only when (Y _E/d<l. Equation 14 reduces

to the familiar form first derived by Young® when the term in brackets can
be neglected. Under these conditions, equation 14 can be expressed in terms
of a dimensionless parameter p = kT/d as follows

£/d4
Pt(e) = J'o e

d
l+e£/pd

(15)

where &= E-E; and the Fermi-Dirac function has been substituted for {(E).

On the basis of equation 14 Stratton® also derived the following expres-
sion for the energy ep (relative to the Fermi level) at which the distribution
peaks:

€
P -_.2.31 1 - 16
KT °g[p—mﬁ ] (16)

where Ye Ep/d -1
C = Yc[e -1 (17)

also, an analytical expression for the half-width d can be obtainedat
A 1/2
T=0 in the form of

41/2 - 2.3 10g E/Q N e-Ef/é)] , (18)
a

At T>0 values of the half-width must be obtained by numerical or graphical
means directly from equation 14.

Work Function Measurements at Elevated Temperature
Measurement of the temperature coefficient of the local work func-
tion is possible by analysis of the I_-V data as a function of temperature

according to the Fowler-Nordheim equation. This equation, valid over the
range of 0>p>2/3, can be written in the following form:

10




3/2
1. _ B S RV A IT)

A t(y) 8 sinwp

where B and b are constants and p = F/V. The mstantaneous slope m
obtained from a ""Fowler-Nordheim plot'' of logIC/V vs 1/V is

o @orls)

= —_Ve&r 20
a d<.l,> ’2—3 ( tamrp> ¢ S(Y) (29)

v

where s (y) = 0.951. At low temperatures (ie, small values of p) the
apparent slope becomes

3/2
m_ T 2.83x10' ¢ (21)
B

When the correction term A = v

(1 - wp/tan wp) cannot be neglected the
temperature dependent work function ¢ (T) relative to the low temperature

(77°K) work function ¢o is

' 2/3 2/3
g (T) = ¢ fiaj;jE) B(T) (22)
(9] mo ﬁo

where B (T) allows for thermal expansion of the emitter and is approximately
given by

BT =5, (1+ Arr) (23)

where Ar/r can be obtained from the thermal expansion coefficient of the
emitter .

Appropriate values of V and p used in A are those midway in the
Fowler-Nordheim plot. Within the validity of the Fowler-Nordheim theory
the values of @ (T) determined by equation 22 are rigorous. In practice,
excessive curvature in the Fowler-Nordheim plots limits the applicability
of such graphical methods to values of p»1/2. However, this limitation
is not serious since for clean tungsten, p = 1/2 corresponds to an upper
temperature limit of~700 K; furthermore, the onset of surface migration

of the emitter and consequent field build-up also sets an upper temperature
limit near the latter value,

11




RESULTS
Total Energy Distribution Measurements

Measurements of the total energy distribution are reported for the
(100), (130), (116), (112) and (111) planes of tungsten over the temperature
range 77 to 900°K. Care was taken to insure that no change in work function
or B due to contamination or field-temperature induced build-up reSf)ectively
occurred during a given run. Values of I ranged from 10-9 to 1013 amps
depending on the local ¢ and F,. Inasmuch as electronic differentiation was
possible only for I 2 5 x 10-190 amps, distribution curves reported herein
were obtained from graphical differentiation of x-y recorder plots of
IC vs V- From the onset of current collection and position of distribution
peaks,particularly at p = 1/2, the position of the Fermi level of the emitter

relative to the vacuum level of the collector (ie, - (3(, = Vt according to
Equation 1) was set at V. =-5.3540.05v. ’

Typical integral curves from the x-y recorder plots are shown in
Figure 3 as a function of temperature. An interesting phenomenon en-
countered which caused considerable difficulty in obtaining accurate graphi-
cal differentiation in the higher temperature (T>500°K) curves of Figure 3
was the onset of flicker noise. Flicker noise, which is proportioral to Ic’
stems from fluctuations in the local surface potential due to atomic move-
ments at elevated temperatures. Flicker noise was greatly increased by
the presence of small amounts of gas contamination and could be used as
a criteria of the surface cleanliness. It was also observed that flicker
noise was more pronounced at a given temperature on the less densely
packed planes of the emitter. It is probably not surprising that flicker
noise is rather apparent at such low temperatures, since the tip area ''seen'!
by the 1 mm probe hole on the (100) plane is only 3.0 x 10-1% cm? (or
approximately 30 atoms) of surface. Thus, at a given temperature 1 atom
out of 30 of the surface atoms undergoing place change or movements to
metastable positions is probably sufficient to cause detectable flicker noise
in the probe current. In order to graphically differentiate integral curves
at elevated temperatures smooth curves were drawn through the recorder
plotted curves.

A further important feature of the integral curves of Figure 3 is the
leveling out of the I vs V,_ curves at large -~ V_and the absence of the well-
knownl3 decrease in I. due to reflected primazties at the collector occurring
at higher primary energies. Although the important part of the energy dis-
tribution curves occurs within 1.5v, it was observed that even at V_ = - 10v
no decrease in I_ occurred; thus, no correction for reflection, which plagued
earlier energy analyzers, was necessary for this tube design.

According to equation 15, shapes of energy distribution curves plotted
against £/d are a function of only the parameter p. Such theoretical curves
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are shown in Figure 4 for various values of p normalized to give P_ (€) = 1
at p = ¢/d = 0. The leading edge of the curve at positive £€/d stems from the
near Boltzman distribution of electrons above the Fermi level at elevated
temperatures. Symmetrical energy distribution curves occur at p = 1/2
and canbe defined in terms of an inversion temperature T* where

. -5
T*-4d - 5.67x %92 F () (24)

t(y) ¢

Thus, if charge carriers conduct at or near the Fermi level T*
represents the temperature at which no net energy exchange accompanies
field emission. As shown earlier? experimental values of T*are nearly
a factor of 2 less than the theoretical predictions of equation 24, thereby
indicating either deviations in the energy distribution of the emitted elec-
trons from theory or the occurrence of conduction at levels below the Fermi
energy level.

In order to assess whether the energy distribution of the emitted elec-
trons is a cause of the failure of the free-electron model to describe the
""Nottingham effect'' results, the experimental energy distribution curves
are given in Figures 5 through 9. The curves for each plane are given in
terms of the parameter p (corresponding to different temperatures in this
case) which relates F, ¢ and T in v/cm, ev, and °K as follows:

1/2
p = 8.82x 103 ¢F T t(y) (25)

Excluding the (100) results, the shapes of the energy distribution curves as

a function of p show close similarity to the corresponding theoretical curves
of Figure 4. The experimental curves have been normalized vertically such
that theoretical and experimental peak heights match near p = 0.3. The value
of &€= 0 (ie, Ef= - ¢C = Vt) was, as mentioned earlier, determined from the
position of the leading edge of the low temperature curves and also the point
at which the curves cross. The value of E¢ = Vi = - §. = -5.35+0.05 ev was
used for each curve; this implies a constant (Z)C over the course of the runs.
Thus, small errors in the position of €/d = 0 may occur due to changes in ¢c
from contamination of the collector.

According to theory the values of P, (£) on the trailing edge of the
energy distribution curves are nearly coincidental and independent of p.
This feature was not confirmed by experiment. For the (112) and (100)
distribution curves the values of P (¢) along the trailing edge increased
with temperature, whereas for the (130), (116) and (111) planes only slight
change was observed. Therefore, the energy distribution curve for each plane
of Figures 5-9 were multiplied by appropriate factors to cause the trailing

14
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edges to match at values of £/d & 2.0. This was facilitated by plotting the
curves on semilog paper. The factors required to cause matching of the
trailing edges of the energy distribution curves are given in Table I.

TABLE I

Factors f by which - dIc/th data were multiplied in order to obtain
overlap of low energy portion of curves in Figures 5-9,

(100) (130) (116) (112) (111)

P f P f p f p f P f
0.038 1 0.048 1.0 f=1at 0.046 1.0 0.050 1.0
0.144 0.75 0.183 1.0 all p 0.175 0.83 0.187 0.85
0.248 0.54 0.301 1.0 values 0.290 0.59 0.301 0.79
0.328 0.52 0.349 1.0 0.400 0.52 0.420 0.740
0.382 0.46 0.485 1.35 0.460 6.48 0.522 0.70
0.447 0.435 0.584 1.35 0.558 0.40 0.587 .67

According to equation 15 the relative coherency of the energy distribu-
tion curves as a function of p is affected only by variations in d and J_with p.
In the present case where only temperature varies, its affecton J and d
occurs only through temperature wvariations of B, the emitting aréa A and 0.
Correcting for the apparent change in J_ and d by using g (T) and A (T) was
not sufficient to account for the factors of Table I; therefore, ¢ (T) variations
must be invoked. Calculations showed that both positive (for the (111), (116)
and (130)) and negative (for the (110) and (112))temperature coefficients are
required to account for the Table I factors. This will be discussed more
fully in the next section.

To more fully compare experimental results with theory we have com-
pared the half-widths dl/Z’ the energy distribution peak heights h and the
values of € at the energy distribution peak with theory in Figures 10-15,

The theore}l):ical curves for d /2 and h were obtained graphically from the
energy distribution curves otl Figure 4, The analytical expression forg¢

given in equation 16 was used with C = 0 in Figures 14 and 15. P

In view of the strong sensitivity of peak heights and, hence, half-width
on the resolution of the analyzer the experimental half-widths are expected
to be larger than theory, particularly at low temperatures. Figures 10 and
11 tend to bear out these expectations for all directions except the [100]
where significant disagreement with theory is observed. The disagreement
of the experimental half-widths with theory for the [lO(ﬂ direction is caused
by the anomalous shoulder on the energy distribution curves about 0.35 ev
below E;. We shall now examine the experimental artifacts to which the
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Figure 10. Experimental normalized half-widths d1/2/d of the total energy

distribution curves as a function of p. Solid line based on free
electron model (equation 15).

22




40— (116) plane

dy,,/d

40 (1t2) plone 40~ () plane

di2/0
dyp/d

Figure 11, Experimental normalized half-widths of the total energy distri-
bution curves as a function of p. Solid line based on free
electron model (equation 15).
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Figure 13. Variation of relative peak height h of the experimental energy
distribution curves as a function of p. Solid line based on
free electron model (equation 15),
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Figure 12. Variation of relative peak height h of the experimental energy
distribution curves as a function of p. Solid line based on
free electron model (equation 15).
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Figure 14. Experimentally observed variation of the position of the energy
distribution peak relative to the Fermi level ¢_ as a function of
P. Solid line based on free electron model (equation 15).
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Figure 15. Experimentally observed variation of the position of the energy
distribution peak relative to the Fermi level ¢_ as a function
of p. Solid line based on free electron model (equation 15).
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shoulder on the (100) energy distribution curves may be attributed.,

Two possible explanations for the (100) results are: (1) patch fields
at the collector surface and (2) electron optical effects. Patch fields at the
collector surface are probably minimized since surface roughness was re-
duced to less than 1 p by polishing methods and grain sizes were small com-
pared to the surface area used to collect the electron beam. Furthermore,
similar results were obtained on two different collector surfaces. Finally,
patch fields should equally affect results from all planes which was not the
case. Electron optical :ffects due to misalignment are not likely since
examination of energy distribution curves on identical planes on opposite
sides of the [:100] direction as much as 54° off tip axis exhibited identical
shapes. An emitter with a D3g orientation will be employed in the tubein
the near future in order to shed further light on possible electron optical
effects leading to the observed (100) results. It is believed, however, on
the basis of the above-mentioned results that the observed (100) energy
distribution curves are not affected by tube artifacts.

The variation of peak heights h with p in Figures 12 and 13 show good
agreement with theoretical expectations except at low values of p where
resolution limitations are expected to decrease h values. Surprisingly good
agreement even at low p is noted for the (100) results which may be indica-
tive of greater resolution when no magnet current is employed assuming,
of course, that the anomalous shoulder does not affect the variation of h
with p.

The dependence of the positiongp of the energy distribution peaks
relative to Ef shown in Figures 14 and 15 also agrees closely with the
free-electron model of tungsten throughout the range of p investigated.
Uniform vertical shifts of the experimental points from the theoretical
curves shown in (100) and (310) results is attributed to errors in position-
ing of Ef, caused by variations in @_.

WORK FUNCTION MEASUREMENTS AT ELEVATED
TEMPERATURES

As mentioned in the previous section, it was necessary to multiply

values of Pt (€) for each p by an appropriate factor in order to attain an
overlap of curves at €/d<-2. These factors, given in Table I, suggest a
temperature dependent work function with both positive and negative co-
efficients. To investigate this further, Fowler-Nordheim plots (see

Figure 1) as functions of temperature were obtained for the major crystallo-
graphic directions. These plots were analyzed according to equation 22 to
yield work function values over the temperature range. The change in  due
to thermal expansion did not exceed 0.1% and could be neglected. In addi-
tion, apparent work function values were corrected for the decrease in
with angle @ from the emitter apex according to the empirical relationship
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given by Dyke14, The relative values of B for various planes of a |[100
oriented emitter are given in Table II. All the work functions and electric
fields throughout this report are corrected according to the data of Table II.

Values of work function so obtained and their temperature coefficients
are given in Figure 16. In addition, a recent measurement of ¢§ (T) for the
(110) plane by thermionic methods was reported to yield a temperature co-
efficient of 14 x 10'5ev/deg which is interestingly close to the (112) results
reported here, The results for tungsten suggests small positive work
function temperature coefficients for the low work function planes andlarger
negative coefficients for the high work function planes.

In summary, the work function temperature coefficient obtained by
Fowler-Nordheim plots substantiate the trends of the energy distribution
results and show surprisingly large negative coefficients for the (100) and
(112) directions.

TABLE II

Decrease in field with angular increase from tip apex & for[lOO]oriented
emitter (Ref. 14).

6(deg) Plane B/Bo
0 (100) 1.0
13 (113) 0.992
18 (130) 0.985
35 (112) 0.950
45 (110) 0.920
54 (111) 0.890
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Figure 16. Variation of work function with temperature for the indicated
planes as determined by Fowler-Nordheim plots analyzed
according to equation 22.
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DISCUSSION AND RESULTS

The theoretical considerations of the total energy distribution of field
emitted electrons from metals given earlier suggest that, except for Fermi
surfaces of small radii of curvature or small m_/m in the case of spherical
surfaces, free-electron theory (ie, equation 15) is adequate. The results
reported here generally support this picture for tungsten along the[ll(] )
EIZJ, Ellaand l3(ﬂdirections, It should be emphasized, however, that agree-
ment of experimental energy distribution results with equation 15 does not
necessarily substantiate the free-electron model for the metal. Agreement
with theory basically implies the radius of curvature of the Fermi surface,
ie, the maximum value of E__ for a given ¢, and E, is sufficiently large
to neglect the band structure term of equation 13 along a particular direc-
tion. It is interesting to speculate that the shoulder at E; - 0.35 ev on the

energy distribution curve along the [100] direction is due to band structure
effects.

Although the exact picture of the Fermi surface for tungsten is not
yet established, the salient features, based on other group VI metals can
be sketched. According to Lomar? band structure of tungsten along the
EO(B ) Ell] and[il(ﬂ directions is expected to be similar to that shown in
Figure 17 for chromium. The notation of Bouckaert, Smoluchowski and
Wigner1 is employed and Figure 18 shows the Brillouin zone of the
body-centered cubic structure with corresponding labeling scheme. The
point at which the Fermi level intersects the bands along the various
directions defines the Fermi surface in k-space. A two-dimensional
extended section of the (100) plane shown in Figure 19 suggests closed
electron and hole surfaces centered on[land H respectively. In addition,

a small pocket of hole and electron surfaces occur at N and along the
[-H (or [100])direction.

Lomar? also suggests extremal diameters along the [110] direc-
tion for the Fermi surface and k space as given in Table III. In addi-
tion, the ratio of the measured Fermi surface area S to that of a free-
electron sphere S containing 6 electrons and the number of positive
and negative charge carriers, n measured for tungsten are given in
Table 1117 +8, In this regards, tungsten is found to be a compensated
metal, ie, equal number of negative and positive charge carriers. These
results make it clear that the free-electron model is not applicable to
describe bulk electron data of tungsten.
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Figure 17. Lomar model of the band structure of chromium (Ref. 9).

other group VI transition metals are probably similar.
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Figure 18. First Brillouin zone of a body-centered cubic structure.
Letters indicate directions of reciprocal lattice space used
in Figure 17.
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Figure 19,

An extended section of the (100) plane in reciprocal lattice
space. Each direction of hatching indicates the occupied

states in a separate zone, and corresponds to the hatching of
Figure 17. The dots indicate hole regions.
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TABLE Iil

Extremal diameters (in reciprocal lattice space) of the Fermi surface
along [110] for Tungsten

(where [-H~2 x 10-8 cm‘l)
Electrons at [~ x 108 cm”

Holes at H ~1.2 x 108 cm-1
Holes at N~0.4 x 108 cm-
Electrons on the (100) axis~0.2 x 108 cm”

S/S, = 0.111 (Ratio of Fermi surface to free electron sphere
contaunng 6 electrons?)

n = 0.078 (number of positive and negative charge carriers7)

The important point to be made from the expected Fermi surface
structure is that only the [IO(H direction has possibilities of perturbing
the energy distribution results. This follows from the highly curved
Fermi surface and small pocket of electrons along [~H of Figure 19 which,
according to Figure 17, has a depth of only ~..2 ev below E¢. One is
therefore tempted to speculate the shoulder on the experimental energy
distributioh curves in the ElOO] directions may be caused by the abrupt
termination of the electron pocket alongl"-H a few tenths ev below Eg
followed by a shift to energy surfaces with larger Ey for a given ¢
as electrons are emitted from surfaces of lower constant E. The validity
of the latter argument awaits further verification of the details of the
energy surface at and below the Fermi level.

The appearance of both positive and negative temperature co-
efficients d@/dT for the work function may be interpreted as further
evidence of band structure effects. This cannot be stated for certain
until all effects leading to a temperature dependent work function are
evaluated. These effects have been summarized and given order of
magnitude estimates by Herring17 . Of the several terms contributing
to d@/dT we shall be interested in those terms which can lead to a
d@/dT of either sign. According to Herring the effect of electronic
specific heat may contribute a term to d@/dT of either sign. If the
bulk electrons are treated as non-interacting and occupying a continuum
of levels of density N(E) per unit energy, the levels being independent
of temperature, the standard theory for a degenerate Fermi gas gives
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E, - g9- "(kt)®  /41n NE) 0 T4.
f f -z -‘a}.:—~) E=EP + ... (26)

thus
d¢ ~  9Fg (rk)% o (410 N(E) 27)
aT aT 3 dN(E) .
EZEf
. 1/2
for free electrons (ie, N(E)eRE "' "),
dg = (vk)® T
dT 6 9 (28)

f

which is ordinarily very small. However, for transition metals the existence
of narrow, partially filled d bands may greatly alter both the sign and magni-
tude of N(E) in equation 27. This can be illustrated for a nearly filled bandl8
where

dg ~ (k)% T

— - (29)
dT 6 (Eg-EY

and where E_; is the highest energy in the zone. In general, for metals with
Fermi levels a few kT from the top or bottom of the band (particularly narrow
d-bands) N(E) can be expected to vary considerably from free-electron theory
due to differing E-k relationships.

It is interesting to speculate that the negative d@/dT values observed
along a [10@] ) |:112:| and[_IlO:] directions may arise from nearly filled narrow
d bands along these directions. Examination of the expectant structure of
tungsten given in Figure 17 suggests such possibilities exist along the [110]
and EO@ directions where nearly filled d bands occur. Further theoretical
study of other terms, primarily those arising from lattice expansion, will
be needed in order to understand the importance of band structure effects
on d¢/dT.

SUMMARY AND CONCLUSIONS

The close agreement of the energy distribution curves with free-
electron theory over wide temperature ranges for most crystallographic

36



directions is probably not a stringent test of the free-electron model in view
of the insensitivity of field emitted electrons to specific band structure effects.
That the free-electron model is not valid for tungsten is suggested by an
anomalous shape in the energy distribution curves in the[lOO]direction and
verified by a variety of solid state measurements. In addition, the occurr-
ence of both positive and negative temperature coefficients along different
crystallographic directions can tentatively be attributed to band structure
effects. These results strongly suggest that the earlier observed disagree-
ment of the Nottingham effect with theory can be attributed to an enhanced
lowering of the charge carrier levels with temperature for the non free-
electron tungsten emitter.
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